All aerobic organisms contain a group of inter cellular hemoprotein enzymes, the cyto chromes, which are involved in the major pathway of biological oxidation. This system is present chiefly in the mitochondria of the cell.
One member of the group, cytochrome c, interacts with cytochrome reductase and oxidase, and plays a role in transferring one electron from the former to the latter. The cytochrome c undergoes respetitive oxidation and reduction of the iron atom as its integral function.
Bonito cytochrome c consists of a single peptide chain of 103 amino acid residues and one heme c which is covalently linked to the peptide chain by two thioether linkages at Cys-14 and -17. The amino acid sequence letermined by Nakayama et al. (1) is shown n Fig. 1 . and the preliminary results at 2.3 A were re ported in previous papers (2, 3) . The cyto chrome c was oxidized into ferric form in the crystalline state, retaining isomorphism with the native crystal.
An X-ray study of this oxidation process was also reported previously (4) .
In the present paper, the detailed struc tural characteristics of bonito ferrocytochrome c are reported and the relation between the structures and their function is briefly dis cussed.
Dickerson, Takano, and others have re ported the structure of horse ferricytochrome c at 2.8 A (5) and of tuna ferrocytochrome c at 2.45 A (6), and proposed a mechanism for electron transfer based on the difference in structure between the ferric and ferrous forms.
The overall features of the present mole cule are very similar to those of ferricyto chrome c presented by Dickerson. Although no dramatic differences between the ferric and ferrous forms of this protein have been found, some specific structures of this protein will be discussed in comparison with those of the horse ferric and tuna ferrous forms.
EXPERIMENTAL
The preparation and crystallization of cyto chrome c was previously reported at 4.0 A re solution (2) . The crystallographic data are listed in Table I . In the analysis at 4.0 A, two heavy atom-replaced crystals containing K3U02F5 (U derivative) and K2PtC14 (Pt deriv ative) were utilized for phase angle deter mination.
The Pt derivative was found to be a This crystal has a pseudo identity period along the a axis. The reduced cell has a=28.84 A and a space group of P22121.
rather poor in both crystallinity and isomor phism, so it was not used in the present anal ysis.
For the analysis at 2.3 A resolution, fur ther trials to find new heavy atom reagents were carried out. The X-ray intensity data of some derivatives using (CH3)2SnC12i K3IrCl2, CdI2i U02(CH3COO)2, K2Pt(SCN)6 i and K2HgI4 were collected within 4.0 A resolution in order to check the suitability of the diffraction data. Soaking with U02(CH3COO)2 broadens the profile of the diffraction spot , so that this reagent could not be used for analysis at the higher resolution.
The occupancies of CdI2 and K2Pt(SCN)6 at each definite site are very low . When the concentration of CdI2 was increased in the soaking solution , the difference Fourier map was confused by trivial electron density J. Biochem. humps, which showed the displacement of the peptide chain or many heavy atom sites with small degrees of occupancy. In the case of K2Pt(SCN)6, when the crystal was soaked in a high concentration of the reagent, the diffrac tion spots disappeared, because of denaturation of the protein.
K2HgI4 seemed to be suitable at first, but at the stage of refinement, the parameters of the heavy atom could not be refined well. Two new compounds, (CH3)2SnCl2 (Sn derivative) and K3IrC16 (Ir derivative), were found suitable for the structure determination. The concentration of the heavy atom reagents in the soaking solutions, and the soaking times are ; (7) and that of Cullis et al. (8) .
In the present formula, E; is the standard deviation of the structure fac tors of the i-th derivative, E; for the native crystal being estimated from the r.m.s. differ ences among three sets of data. The mean figure of merit averaged over all reflections was 0.65.
Heavy Atom Binding Sites-The binding sites of the heavy atom groups are listed in Table  III . The binding site of U02(CH3000)2 is the same as that of K3U02F5. The main binding site of the organo-tin molecule was found to be close to the thioether bridge of Cys-17 joining the heme group, Cys-17 being on the surface of the molecule.
This site was almost the same as that of KZHgI4. The parameters of the site in the tin-replaced crystal could be reasonably well refined, but on the other hand, the Hg reagent appreciably affected the isomorphism and could not be used for phase angle determination.
STRUCTURE
The electron density map was carefully scru tinized in a Richard box, and a Kendrew-type skeletal model was built up. A schematic drawing of the model is shown in Fig. 3 Trp-59 are not as appreciable, though Tyr-67 and Trp-59 may be recognized as nearly paral lel. Tyr-67 is not parallel to the heme plane and is not folded over the heme plane in bo nito (Fig. 9) . This estimate suggests that electron transfer from Tyr-74 to Trp-59 cannot occur, though this calculation is rather rough. In addition, the overlap between Tyr-74 and Trp-59 is not found in horse. Stereoscopic drawings of these rings are shown in Fig. 9 , where the param eters of horse and tuna are taken from Dickerson (17) .
Thus, this pathway through the aromatic ring is not plausible under these conditions.
It must, however, be emphasized that this conclusion is based on the static structural model with no consideration of dy namical changes of the relative location of the residues.
An extended hydrogen bond network is found in the present model. The hydrogen bonds are between Arg-38 . inner P, Asn-52 • • • outer P, Thr-78•. outer P, and probably Asn-52 ... Thr-78. All the hydrogen bonds, except for Asn-52...outer P, which are found in the ferric form are also observed in the present structure ; Tyr-67 ... Thr-78, and Trp-59 • • • inner P. These residues are evolutionally conserved, so that this hydrogen bond network is an essential feature of this protein.
Thus we may speculate that the hydrogen bonds may play a key role in the process of electron trans fer. Figure 3 shows a schematic diagram of the hydrogen bond network in the reduced form. Theoretical treatment (18) 
